Tetrabromobisphenol A (TBBPA) is a fire retardant with endocrine disruption properties, which unfortunately has been detected in trace amounts in various environmental samples. Studies have shown that TBBPA enters the aquatic environment, sediments, soils and biota predominantly through the wastewater treatment process. The dominant contributor to the fate and transport of TBBPA in wastewater is biosorption by the sludge matrix. Accordingly, the goal of this research was to determine the fate kinetics, biosorption correlation models and mechanisms of TBBPA from both conventional activated sludge (CAS) and membrane bioreactor (MBR) systems. Experiments were conducted to determine different types of partitioning and fate kinetic coefficients such as solidliquid phase coefficient, log K p (4.53), sludge matrix organic carbon coefficient, log K oc (6.05) and glass wall partition coefficient, K w (0.053). The experimental values of these coefficients for TBBPA are not available in the literature for application to the models. The biosorption data were also verified and fitted to Freundlich, Langmuir, Temkin, Toth, Redlich-Peterson, Sips, Brunauer-Emmett-Teller (BET), Jovanovic and Dubinin-Radushkevich biosorption isotherm models to estimate the isotherm constants.
MODEL NOTATION AND NOMENCLATURE
Accordingly, the investigation of the fate models and mechanisms of TBBPA was accomplished in this present study.
Organic carbon content may be the dominant constituent for the adsorption of TBBPA in activated sludge (Gao et al. ; Field ) . As such, sludge-water partitioning and the fate of the analyte TBBPA was investigated in this research from experimentally determined pertinent physical parameters. Schwarzenbach & Westall () reported the relationship between partitioning of chemical pollutants and the fraction of organic carbon of the sorbent, where sorption is greatly affected by the presence of organic matter. The partition coefficients were significantly high for the sorbents containing greater than 0.1% organic carbon. However, relatively small partition coefficients were found when the organic fraction was less than 0.1%.
A great deal of sorption work has been reported in the literature with soils, but the structure, texture, physical and biological composition of the activated sludge matrix is quite different from the soil matrix. In the activated sludge process, the sorbent is completely suspended in wastewater.
There are many other factors that may influence the normal distribution of pollutants differently in the sludge matrix. 
Extraction and analysis
The extraction and analysis of aqueous samples for injecting into the gas chromatography-mass spectrometry (GC-MS) system require multiple steps of processing. The first step of wastewater processing was filtration for applying to solid phase extraction. The captured fractions were eluted and liquid-liquid extraction (LLE) clean-up was performed before adding internal standards (ISTD). The sample was then evaporated to dryness for obtaining quantitative transfer of the reconstituted volume to the GC-MS system. The entire analysis process flow diagram is shown in Figure 1 .
The quantitative estimation was performed by an Agilent 6890N GC equipped with an autosampler injector.
The signal detector for quantification was an Agilent 5975
MSD. Helium was used as the carrier gas, under a constant pressure of 80 kPa. Methane was used as the reagent gas for the negative ion source and was maintained at 40% of flow.
The system was run in negative chemical ionization ( Total organic carbon (TOC) was measured by a Shimadzu TOC-V unit equipped with a solid sample module 5000A. Calibration curves were developed and updated frequently as specified in Standard Methods (APHA ).
Basic water quality parameters such as dissolved oxygen (DO), pH and temperature were recorded immediately after sample collection using a pH/conductivity/DO meter (probe model sensION6, Hach, USA).
Pertinent equations for experimental measurements
Adsorption losses on to the container wall for organic com- Thus, care must be taken to compensate for these adsorption losses. As such, the vessel-wall partition coefficient K W (mL/cm 2 ) was determined, which represents the partition coefficient between glass wall and the aqueous phase as represented by Equation (3) (Backhus & Gschwend ):
The organic carbon partition coefficient (K OC ) of activated sludge was estimated from Equation (4):
where K OC ¼ organic carbon partition coefficient;
ratio of the container.
Sorptive partitioning to activated sludge was estimated from the sludge-water partition coefficient, K P (L/mg). The solid-liquid partition coefficient is given by the following Equation (5):
It should be noted that the solid phase concentration, C s (ng/mg) was not measured in this study for the determination of sludge-water partition coefficient. However, it was calculated from the difference of the total concentration and the dissolved phase aqueous concentration.
Batch experiments
Batch experiment for K W
The wall loss coefficient was determined by spiking 100 μL of TBBPA solution in acetone to 500 mL Milli-Q water in borosilicate glass Erlenmeyer flasks. The equilibration period was over 24 h to achieve complete equilibrium before extraction and analysis. The time recommended for establishing equilibrium was the minimum mixing of half an hour (US EPA ). The flasks were wrapped with aluminum foil and placed in the dark chamber for 36 h in order to avoid photo-degradation losses. The concentration of the content by calculation was 100 ng/L after spiking.
The initial aqueous concentration was estimated experimentally from the instantaneous extraction and quantification of the spiked solutions. Wall loss coefficient (K W ) was determined from the geometry and equilibrium concentrations between aqueous phase and borosilicate glass surface by using Equation (3).
Batch experiment for K OC and K P
The fraction of organic carbon in the sludge was obtained from the measurement of the organic carbon concentration. was added to each bioreactor bottles in stirred condition.
The mixtures were extracted and analysed for TBBPA quantification in sludge phase and aqueous phase. The sludge phase TBBPA was estimated from the concentration difference of the total TBBPA and the dissolved phase TBBPA. In this study, only aqueous phase determination was accomplished by the developed method. Equation (5) was used for the computation of the required parameters.
Batch experiment for biosorption coefficients
Biosorption of TBBPA was studied by using fresh sludge col- TBBPA has a low K W value as it is less hydrophobic than polycyclic aromatic compounds since it has two polar hydroxyl groups attached to each benzene ring. It was expected that the adsorption losses to glass vessels would be much less than polycyclic aromatic hydrocarbons.
Accordingly, the estimated value K W ¼ 0.053 mL/cm 2 is acceptable for the compound TBBPA.
The organic carbon partition coefficients (K OC ) and sludge-water partition coefficients (K P ) for activated sludge determined in the laboratory are given in Table 2 . The experimental data for the organic carbon partition coefficients (K OC ) and sludge-water partition coefficients (K P ) for MBR sludge are given in Table 3 .
The resulting log K OC value is 6.02, with log K P equal to 
where f OC is the organic fraction of the sludge.
K P is a useful parameter for prediction partitioning of organic compounds in biological wastewater treatment systems. However, experimentally measuring the octanolwater partition coefficient (K OW ) is much easier than measuring K OC and K P from the sludge matrix. Accordingly, the empirical model given in Equation (7) was proposed for predicting K P from K OW , which is as follows (Karickhoff ):
To overcome the limitation of the empirical modelling and to establish reliable experimental values for the partitioning fate model of TBBPA, the partition coefficients have been estimated in the laboratory. Table 4 The experimental data for a large set of organic compounds (n ¼ 186) were summarized by Schwarzenbach et al. () that follows the linear model equation:
The correlation models developed in this study from the plotting of the experimental data for TBBPA in activated sludge can be represented as:
The correlation models developed for TBBPA in MBR sludge can be given as:
Experimentally determined model coefficients will be helpful for environmental engineers to predict the fate of 
Isotherm coefficients
Isotherm models were verified for the curve fittings to extract the estimate of the isotherm coefficients. The experimental data for TBBPA biosorption have been fitted to linear regression analysis for determining isotherm model constants.
These values are reported in Table 6 and compared with other studies for TBBPA and similar compounds. BPA is structurally similar to TBBPA with endocrine disrupting properties. Compounds having identical structural features generally display similar physicochemical and biological characteristics.
Biosorption is a complex process of physical, chemical and biological phenomena dependent on multiple factors of the system under study. Therefore, the results reported in the literature fall under a wide range in orders of magnitude.
BPA is structurally similar to TBBPA, containing additional bromine atoms. The coefficients measured by Clara et al.
() were studied in sewage sludge which resembled the present study. The values of isotherm coefficients for TBBPA are 2.5 to 4.5 times higher in order of magnitude than BPA. This is reasonable with respect to the higher hydrophobicity of Nonlinear regression analysis was applied to experimental data for extracting model constants using the MS Excel data solver (Wong et al. ) . Most models were suitable for the curve fittings by nonlinear regression analysis except the Harkin-Jura and the Halsey model isotherms.
These two models account for the heteroporous nature of the adsorbent which is not the case for CAS sludge (Samarghandi et al. ). Thus, it is obvious that these two adsorption models, employing pore-filling mechanisms for heterogeneous porous media, will not be suitable for explaining biosorption processes of TBBPA by activated sludge and aerobic MBR sludge.
The estimated isotherm coefficients obtained from the experimental data by nonlinear analysis are reported in Table 7 . The nonlinear regression analysis adopts a minimization approach for the sum of the squared errors 
CONCLUSIONS
The partitioning coefficients presented in this paper were successfully measured experimentally. The experimental values showed excellent goodness of fit with the theoretical models for applying to biosorption process modelling, measuring and predicting of the persistent pollutants. In addition, the isotherm constant values were in the acceptable range according to the theories of those models. The developed correlation models for partition coefficients will be useful to determine the fate, persistence and partitioning of TBBPA in wastewater treatment processes, sludge treatment processes and landfill applications.
The correlation models provide an easy means of assessing fate, partitioning and transport of the contaminant without time-consuming laboratory effort. The important purpose of the correlation models is to develop engineering tools for environmental management planning, monitoring, problem identification, impact assessment, risk assessment, pollution load evaluation and mitigation of transboundary migration.
The kinetic coefficients determined in this research are valuable for potential engineering applications in tackling TBBPA proliferation in the environmental compartments. These models will also be applicable to the biosorption removal of contaminants in wastewater with properties similar to TBBPA.
